In chick embryos, naso-temporal polarity of the retina becomes established before Hamburger-Hamilton stage 10. To examine the plasticity of the early eye anlage, double-temporal eyes were made using stage 10-11 (E1.5) chick embryos and stage 8-9 quail embryos. In vivo and in vitro experiments revealed that these double-temporal compound eyes were not completely temporal but nasal in a large peripheral part of the graft. Four hours after transplantation, the nasal-specific fork head transcription factor CBF1 was not expressed in double-temporal eyes but was clearly detectable 24 h later. This suggests that in the peripheral part of the graft, temporal positional values were changed into nasal positional values by a respecification process.
Introduction
Topographic projections are impressive examples of the establishment of spatial order in the central nervous system (Udin and Fawcett, 1988; Holt and Harris, 1993) . In the retinotectal system of lower vertebrates, ganglion cell axons from different parts of the retina map to corresponding regions of the optic tectum. In this way, spatial order of the retina is preserved in the tectal target of the retinal ganglion cells. Finally, a precise map is formed, where temporal retina maps to rostral (anterior) tectum and nasal retina to caudal (posterior) tectum. Along the dorso-ventral axis, dorsal retina projects to ventral tectum and ventral retina to dorsal tectum. One of the early steps in the formation of the retinotectal projection is the endowment of retinal and tectal cells with positional values. Little is known about the underlying molecular mechanisms of this process in the retina of lower vertebrates.
Ganglion cells from different parts of the retina are distinguishable by molecules expressed in step distributions or gradients over both nasal-temporal and dorsal-ventral retinal axes (reviewed in Drescher et al., 1997) . Two transcription factors, brain factor 1 and brain factor 2 (CBF1 and CBF2 in the chick), members of the 'fork head' gene family (reviewed in Kaufmann and Knöchel, 1996) are expressed in nasal and temporal retina, respectively. BF1 and BF2, are already expressed at very early stages of mice and chick embryos, in the anterior (nasal) region of the optic vesicles next to the anterior prosencephalon, and in the posterior (temporal) part of the vesicle next to the diencephalon and somites (Hatini et al., 1994; Yuasa et al., 1996) . BF1 and BF2 may play an important role in the process by which different positional values along the A-P (n-t) axis are assigned to retinal cells. To determine whether nasotemporal polarity is already determined on Hamburger-Hamilton (HH) stage 11 (day E1.5), two types of transplantations were previously performed. These experiments confirmed previous results from ablation experiments and revealed that nasotemporal polarity in the chick embryo is determined in the eye anlage (optic vesicle) prior to HH stage 10/11 (Dütting and Meyer, 1995; Dütting and Thanos, 1995) .
In this study, we have combined in vivo and in vitro experiments with in situ hybridization in order to learn more about the grafts and the final retinotectal projections of double-temporal (TT) retinae. An open question was whether the graft generates a complete temporal retinal half and if this temporal half behaves completely temporally, as suggested by previous experiments (Dütting and Meyer, 1995) . We approached this issue in two ways. First, in vivo experiments with double-temporal chick and chimeric chick-quail retinae revealed that a significant peripheral part of the transplanted temporal tissue behaved like nasal tissue, establishing connections with caudal tectum and not with rostral tectum. These results were confirmed by in vitro experiments using the stripe assay (Walter et al., 1987) . Retinal ganglion cell axons emanating from the peripheral nasodorsal aspect of the transplanted temporal part showed nasal-like behavior and did not distinguish between anterior and posterior tectal membranes. Second, in situ hybridizations using the chicken probes CBF1 and CBF2 confirmed that the nasal-specific factor CBF1 and the temporal-specific CBF2 are expressed in adjacent zones of the transplanted temporal tissue.
Results

The retinotectal projection of chick TT eyes
The distal part of the pear-shaped optic vesicle develops into the 2D sheet of the neuroretina. A partial and preliminary fate map of the optic vesicle at the time of transplantation is depicted in Fig. 1A . The three axes of the vesicle, antero-posterior (A-P), lateral-medial (also termed distal-proximal) and dorsoventral (dv), are translated into the two axes, nasotemporal and dorsoventral, of the retina. Fate-mapping of the dorsal half of the vesicle (Dütting and Thanos, 1995) has revealed the following axial correspondences: vesicle anteroposterior: retina nasotemporal, and vesicle lateral (distal) to medial (proximal) on dorsal side, retina central (head of optic fissure) to dorsal.
TT retinae were chosen for tracing the final retinotectal projections because functional TT eyes with an intact ventral optic fissure develop from double-posterior optic vesicles with high frequency (60-70% of grafts). The grafting procedure (Fig. 1B) is described in detail in Dütting and Meyer (1995) .
The projections were studied by labeling subpopulations of ganglion cell axons anterogradely with 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI). Crystals of the dye were inserted into the nasodorsal periphery of right TT eyes, either between days E12 and E14 (embryos growing in Petri dishes) to label an incomplete, overshooting projection on the ventral half-tectum, or between days E15 and E18 (embryos in ovo) to label final projections displaying terminal zones (TZ). A nasodorsal locus in a normal TN retina projects to a position on the caudal-ventral tectum. If the grafted tissue of a TT eye retained the temporal specificity of the donor half-vesicle, a nasodorsal locus in this tissue should project instead to the rostral-ventral tectum. Fig. 2A shows the mature projection of a TT retina to the rostral part of the left ventral half-tectum, labeled with DiI between E15 and E17 in the nasodorsal periphery (Fig.   4C1 ). A distinct termination zone is observed in the rostral tectum ( Fig. 2A) . Such a projection pattern was observed in 25% of 20 double-temporal retinae (Fig. 6A ). An immature projection is shown in Fig. 2B . Retinal ganglion cells were labeled in the nasodorsal periphery at E12-E14 (Fig. 4C2) . As in normal projections of temporal retinal axons, the fibers overshoot the rostral target area to a considerable degree (Fig. 2B ). Contrary to nasal axons, overshooting temporal axons reveal many rectangular side-branches in the rostral tectum. Nasal axons pass the rostral tectum and start branching in the caudal part (Nakamura and O'Leary, 1989; Dütting, unpublished data) .
As a control, an immature projection of a normal chick retina, labeled at E12-E14 in the nasodorsal periphery (Fig.  4nC1) is shown in Fig. 2F . The nasal axons do not form a distinct termination zone in the caudal-ventral tectum but spread over a large part of the caudal tectum (Fig. 2F) . The final projection of a TT retina, labeled at E16-E18 in the naso-dorsal periphery (Fig. 4C3) , to a terminal zone in the caudal-ventral tectum is presented in Fig. 2C . Axons from the nasodorsal periphery of the temporal transplant form a tight focus in the caudal-ventral tectum (Fig. 2C) . Such a regulated or respecified projection pattern of double-temporal retinae was observed in 60% of all double-temporal transplants (Fig. 6A) .
Occasionally, terminal zones in both rostral and caudal ventral tectum were labeled from the nasodorsal periphery of TT retinas. Examples of such mixed projections, labeled at E16-E18 (Fig. 4C4,C5 ), are presented in Fig. 2D ,E and accounted for 15% of all double-temporal retinae (Fig. 6A) . DiI inserted at E16-E18 into the nasoventral periphery of a TT retina resulted in a normal projection with a terminal zone in the caudal dorsal tectum (not shown).
In summary, of 20 successfully-labeled TT retinas, 60% projected from the nasodorsal retinal periphery to target zones in the caudal-ventral tectum, 25% to zones in the rostral-ventral tectum, and 15% to both (Fig. 6A ).
Chick-quail transplantations
A regulated or respecified projection pattern of doubletemporal retinae was also observed in chick-quail transplants. A quail tissue specific marker, the QCPN antibody (see Selleck and Bronner-Fraser, 1995) , which recognizes Fig. 2 . Ganglion cell axons from the nasodorsal periphery of grafted double-temporal chick eyes often project to caudal tectum. Axons emanating from the nasodorsal periphery of the TT eye were labeled anterogradely with DiI. Their termination zones (arrows, E17/18) in the ventral half tectum are located in the rostral (R) part (A,C1), in the caudal (C) part (C,C3) or in both rostral and caudal parts (C4,5,D,E). Immature projections (E14) from a double-temporal and a normal eye are shown in (B,C2,F,nC1), respectively. Scale bars correspond to 1 mm. the perinuclear membrane of quail cells, but not of chicken cells, was used to determine the size and extent of the grafts in chimeric TT retinae. The posterior part of the left optic vesicle of a quail embryo was grafted in place of the anterior half of a right chick optic vesicle. An eye with normal morphology and an intact optic fissure was only obtained if the chosen stages of the quail donor (stages according to Zacchei, 1961) and of the chick acceptor (stages according to Hamburger and Hamilton, 1951) were closely matched, with stage Z8-9 for the quail, HH10-11 for the chick. As revealed by QCPN antibody staining, intact TT eyes consisting of a temporal chick and a temporal quail half were obtained. Usually the quail donor was slightly older than the chick acceptor vesicle. Therefore, the grafted piece of quail tissue was smaller in size than a complete posterior halfvesicle. Nevertheless, in most of the resulting TT retinae (days E6, E8 and E17), the entire nasal half consisted of quail tissue. In most instances (90%) the border was the dorsally elongated axis of the optic fissure ( Fig. 4CQ2 and Fig. 5A-D) . In a few cases (10%) the transplanted quail tissue was only found in the nasodorsal quadrant of the half retina (Fig. 4CQ1 ).
Along the chick-quail tissue border, a few islands of quail cells appear in the temporal chick tissue, and similar islands of chick cells in the nasal quail tissue (Fig. 5A ,C,D). Fig. 5A ,C,D show chimeric TT retinae isolated on E6, while the retina of Fig. 5B was isolated on E17. In no case was a significant infiltration of migrating chick cells observed.
Axon mapping of chick-quail chimeric TT retinas
Chick-quail chimeric TT retinae were labeled in the nasodorsal periphery with DiI to trace projections to the ventral half of the contralateral optic tectum. Labeling was done between E14 and E16 because of the advanced maturation of the quail tissue compared with the chick tissue (quails hatch on E16, chicken on E21). Fig. 4CQ2 shows a chimeric TT retina with DiI inserted into the quail tissue nasodorsally, far from the chick-quail tissue border which extends dorsally from the head of the optic fissure, so that the DiI unequivocally labeled grafted tissue. The fibers projected to a TZ in the caudal-ventral tectum (Fig. 3C,D) . This projection should be compared with the projection of a chick TT retina, labeled in a comparable position, to the caudal-ventral tectum (Fig. 3B ). The DiI labeling in the chick case was most likely also in grafted tissue (Fig.  4nC2 ). The strong difference in axonal labeling intensity probably is due to the fact that quail but not chick retinal axons have already started the process of myelination when DiI is inserted. The chick-quail experiment (Fig. 3C,D) suggests that the ganglion cells in this locus must have been respecified in the grafted double-posterior optic vesicle to become anterior/nasal cells.
The position of the chick head in the egg sometimes makes it difficult to insert the dye far nasally into the eye. A more dorsal position is labeled in the chimeric retina of Fig. 4CQ1 . DiI insertion was still into the zone of quail tissue (Fig. 4CQ1 ). Fibers projected to terminal zones in the rostral-ventral tectum (Fig. 3A) , which means that the grafted cells of this locus kept the posterior/temporal specificity of their origin in the donor vesicle.
Axon outgrowth from double-temporal eyes
In contrast to the in vivo projections which analyzed peripheral retina late in development (E15-E18), the stripe assay analyses central and peripheral retina early in development (E6). In the stripe assay, membranes from the anterior (a) and posterior (p) part of the optic tectum are arranged in alternate, parallel stripes on a nucleopore filter and serve as a growth substratum for retinal axons (Walter et al., 1987) . Temporal axons avoid posterior lanes, due to glycosylphosphatidylinositol-anchored (GPI) repulsive guidance molecules present in posterior tectal membranes (Walter et al., 1990; Drescher et al., 1995; Mueller et al., 1996; Monschau et al., 1997) . Nasal axons, however, do not distinguish between anterior and posterior stripes and cross the A-P border freely (Walter et al., 1987) .
The in vivo results suggest that a significant region of the transplanted portion of the double-temporal retina contains ganglion cells which projected to the posterior/caudal tectum. To reconcile these results, stripe assay experiments were performed as described (Walter et al., 1987) , and explant strips from different regions of (chick and chimeric chick-quail) double-temporal retinae were placed on membrane carpets. Starting from the ventral side of the retina, every other retinal strip was explanted on membrane carpets and strips were designated from −3 or −1 to 11 or 13, −3 meaning the extreme ventral part and +13 the extreme dorsal part of the retina. The remaining strips of doubletemporal chimeric chick-quail eyes were used for immuno-staining with the QCPN antibody (data not shown). Two to threee days after explantation, membrane stripe cultures were fixed and analyzed. Eight independent experiments with double-temporal retinae from chick (six experiments) and from chick-quail chimeras (two experiments) were performed, and in most of them nasal-like growth behavior was observed, confirming the in vivo results. In one of the retinae (chick-quail chimera TT 9, Figs. 5 and 6B), nasal-like behavior was confined to the peripheral-dorsal part of the transplant. In the remaining retinae nasal-like behavior was much more extended, covering approximately 20-50% of the full length of the strips (Figs. 6B,C and 7). Nasal-like growth on the membrane carpets was not confined to ganglion cells located in the dorsal aspect of the transplanted nasal half but was also seen in more central and ventral parts. Striped carpets with retinal strips from a double-temporal, chimeric chick-quail retina are shown in Fig. 7 . Three retinal strips from a region between the optic fissure and the extreme dorsal part of the retina were selected. The whole width of the retinal explant, covered with outgrowing axons, was measured and the percentage of temporal behavior (decision) was calculated in relation to the nasal behavior (no decision). In retinal explant 5, temporal-like axon growth was observed over 74% of the whole explant width, and nasal-like growth in 26%. The other explants showed nasal-like growth in a region covering 18% (explant 8) or 10% (explant 11) of the explant width. To summarize the stripe assay results: in eight independent experiments, 70 retinal explants were grown on membrane carpets. Fiftyseven of these explants showed sufficient outgrowth and were used for the analysis. Fifty (88%) retinal explants from double-temporal eyes revealed more or less extended nasal-like behaviors while seven retinal explants (12%) showed a complete temporal behavior. The temporalnasal border was distinct from the chick-quail tissue border, as shown by immunostaining experiments using the QCPN antibody. In most experiments, the nasal-temporal border was shifted to the peripheral part of the transplanted temporal tissue, whereas the chick-quail border was always found in the central part of the double-temporal retinae, very often forming the dorsal extension of the optic fissure (Figs. 4 and 5) . These results suggested that a significant part of the transplanted temporal retina whether from a quail or chick donor, had changed its positional values to become nasal. To confirm this, whole mount in situ hybridizations were performed with nasal and temporal specific markers.
Whole mount in situ hybridizations on chick doubletemporal eyes
Two transcription factors of the hepatocyte nuclear factor 3′ fork head or winged helix family (Weigel et al., 1989; Lai et al., 1993; Kaufmann and Knöchel, 1996) have previously been described as nasal or temporal specific markers (Hatini et al., 1994; Yuasa et al., 1996) .
Both factors are expressed at HH stage 9 in the chick optic vesicle (Yuasa et al., 1996) . The expression of the chick brain factor 1 (CBF1) in the nasal retinal half is in a gradient, with its lowest level found close to the dorsal nasal-temporal border. Expression of CBF2 is also graded but restricted to the temporal half retina (Fig. 10) .
CBF1 and CBF2 antisense probes were used for whole mount in situ hybridization analysis of double-temporal and normal control eyes.
Four hours after transplantation, no expression of CBF1 was detected in the transplanted temporal part (Fig. 8A) . At that stage, CBF2 expression was extended over the whole double-temporal eye (Fig. 8B) .
Twenty-four hours after transplantation (E2.5) a different expression pattern of both transcription factors was observed. CBF1 expression became detectable in the anterior-dorsal part of the double-temporal eye ( Fig. 9A, arrow;  Fig. 10 ), in a region where CBF2 was downregulated (Fig.  9B) . At that stage, the expression domain of CBF1 in the transplanted retinal tissue was smaller than in a normal eye (compare Fig. 9A,C) . A rough estimate suggests that CBF1 is expressed in approximately 60-80% of the transplanted graft, significantly less than the normal size of its expression domain. The expression zone of CBF2 in double-temporal eyes however was larger than in normal control eyes (compare Fig. 9B,D) .
Shortly after transplantation, no expression of the nasalspecific CBF1 gene was observed in the transplant, arguing strongly against a contamination of the temporal transplant by nasal cells.
Discussion
We have presented evidence that pattern regulation takes place in double-temporal eyes constructed at HH stage 10/ 11 of the optic vesicle.
The development of the vertebrate eye anlage follows a tight developmental schedule in which ganglion cells are the first neurons to be born. Little is known about the acquisition of positional values by these cells. Experimental manipulations in both chick embryos and Xenopus embryos have revealed that this process takes place at the stage of the progenitor cells before the first ganglion cells are born (Altshuler et al., 1991; Fraser, 1991; Dütting and Meyer, 1995; Dütting and Thanos, 1995; Cepko et al., 1996) . In the chick embryo, retinal progenitors are committed to a nasal and temporal fate before HH stage 10/11 (Dütting and Meyer, 1995; Dütting and Thanos, 1995; Thanos et al., 1996) . To answer the question of whether temporal and nasal retinal cells retain their positional values, experimental manipulations of the early chick eye anlage are necessary. To this end, double-temporal eyes were made. Both in vivo and in vitro analyses revealed that these double-temporal eyes did not behave completely temporally. Retinal ganglion cells from a significant part of the transplant behaved like nasal axons, terminating on E18 in caudal tectum. The 60% of normal projections in chick TT eyes could then be due to a locally restricted respecification process. A minor fraction (10%) of the chick-quail compound eyes revealed smaller sectors of dorsally located, grafted tissue. Therefore the possibility cannot be excluded that the grafts in plain chick TT eyes are occasionally smaller, consisting of either the nasodorsal or nasoventral sector of the compound retina, or a position in between. In this case, either remaining nasal tissue or respecification could explain the normal projections.
A clear case of respecification is the chick-quail TT retina CQ2 (Figs. 3 and 4) . In this case, more than the nasal half consisted of grafted quail tissue, and the final projection was from the nasodorsal periphery (more nasal than dorsal) to the caudal ventral tectum. On the other hand, in the chick-quail retina CQ1 (Figs. 3 and 4) , where a large nasodorsal sector of the graft consisted of quail tissue, DiI injection into the far dorsal part of the nasodorsal periphery revealed a projection to the rostral ventral half tectum (no respecification).
Contamination of the transplanted posterior part of the left optic vesicle by nasal progenitor cells hardly explains the above results. According to the fate map (Fig. 1A) such a contamination should result in a double-temporal retina with nasal-like cells in the central region, where both temporal halves come into contact. In our experiments however, nasal-like ganglion cells were always present at the periphery of the graft, in a region where at later embryonic stages retinal proliferation remains highest (Dütting et al., 1983 ). Additionally we tried to prevent contaminations by reducing the size of the transplanted vesicle piece. Despite their smaller size, these transplants developed into complete half retinae as shown by the chick-quail chimeric retinae. Massive infiltration of chick retinal cells was not observed, as shown in Fig. 5 . We therefore suggest that there is not only a pattern-regulating mechanism acting but also an organ-size controlling mechanism, acting probably on the proliferation rate of the transplanted retinal cells. In situ hybridizations shortly after transplantation (4 h later) revealed that there was no expression of CBF1 in the double-temporal eyes, arguing strongly against a contamination with nasal progenitor cells (Fig. 8A) .
The stripe assays confirmed and extended the in vivo results. In previous experiments with double-temporal eyes, axons from these retinae behaved completely temporally, growing exclusively on anterior lanes. However the stripe assay analysis was confined to only a small part of these double-temporal eyes, the region at or above the optic fissure, and the nasodorsal region of the transplant which projected in 60% of all the mapping experiments to the caudal tectum, was not analyzed (Dütting and Meyer, 1995) . In the majority of retinal explants from double-temporal retinae we observed nasal fiber behavior (no decision). These fibers cannot be aberrantly growing or projecting temporal fibers, due to expression of the nasal retina specific transcription factor CBF1 in the graft. In our experiments, 12% of the retinal explants showed complete temporal behavior, while 88% showed nasal behavior to some degree. In 30% of the explant strips nasal behavior was observed over nearly half the explant width, arguing for complete respecification. The different results of both studies could result from the exact time point at which the transplantation was performed.
The possibility of respecification of positional values is suggested in experiments where the chick brain factors CBF1 and CBF2 were retrovirally overexpressed in the eye of the chick embryo (Yuasa et al., 1996) . Misexpression of nasal-specific CBF1 in temporal retina resulted in projection errors with ganglion cell axons of the temporal retina mapping to caudal tectum. Projection errors of nasal ganglion cells to rostral tectum were observed after misexpres- sion of the temporal specific CBF2. These results could be explained if CBF2 upregulates and CBF1 downregulates receptors for repulsive guidance molecules like Ephrin A2/ELF-1 and Ephrin A5/RAGS (Cheng et al., 1995; Drescher et al., 1995; Nakamoto et al., 1996; Yuasa et al., 1996; Monschau et al., 1997) . The fact that CBF1 acts as a transcriptional repressor and CBF2 as an activator support such a hypothesis (Li et al., 1995) . Overexpression of these factors might not only change the level of expression of certain receptors for repulsive guidance molecules, but could completely change the positional values of temporal and nasal retinal ganglion cells.
Potential upstream regulators of these fork head genes are the homeobox genes rax, pax6, six3, otx2 and Chx10, which are expressed very early (at and before E9) in the mouse embryo, in the area including the optic evaginations (Walther and Gruss, 1991; Simeone et al., 1992; Liu et al., 1994; Oliver et al., 1995; Graw, 1996; Macdonald and Wilson, 1996; Wehr and Gruss, 1996; Bovolenta et al., 1997; Callaerts et al., 1997; Fini et al., 1997; Furukawa et al., 1997 ). An asymmetric expression in the vertebrate eye of two other transcription factors of the homeodomain protein family has been described (Nornes et al., 1990; Deitcher et al., 1994) . SOHo-1 shows an expression pattern in the embryonic chick eye which is similar to the expression of CBF1. On E4, it is expressed at higher levels in nasal than in temporal retina and weak expression is observed in temporoventral retina. Such an expression pattern is distinct from the CBF1 expression which is, in normal eyes, confined to the nasal half retina (Deitcher et al., 1994; Hatini et al., 1994; Yuasa et al., 1996) . CBF1 and CBF2 are expressed at stage 8-9 (E1.5) in the early eye anlage of the chick embryo and SOHo-1 is present at E2 (stage 14). No expression of SOHo-1 is observed at stage HH 11 in the chick embryo. In TT chick eyes, SOHo-1 is expressed in gradients at the optic fissure and in the temporal transplant (Meyer, 1995) . These results are in line with our experiments, where CBF1 was found to be expressed in the temporal graft.
Respecification of A-P positional values in double-temporal chick eyes results in a modified expression of CBF1 Fig. 7 . Retinal explants from double-temporal retinae show nasal-like growth on striped membrane carpets. Three explants (+5, +8, +11) from different regions of a double-temporal chick-quail retina are depicted. A temporal growth pattern (striped growth) predominates over a nasal-like growth pattern (unstriped growth). The arrow demarcates the border between temporal and nasal axon growth. Anterior (a) and posterior (p) tectal membrane lanes are indicated. Scale bar corresponds to 500 mm. Fig. 8 . The nasal-specific transcription factor CBF1 is not expressed in the double-temporal eyes 4 h after transplantation. Whole mount in situ hybridizations with CBF1 (A) and CBF2 (B) anti-sense probes. In double-temporal eyes, CBF 1 expression is not visible in the eye (A) and CBF2 expression is extended over the whole eye (B). CBF1 and CBF2 sense controls are shown in (C) and (D), respectively. Arrowheads demarcate expression of CBF1 in anterior prosencephalon. l.e., left eye; r.e., right eye. and 2 with the latter being downregulated and the former being upregulated or induced in large parts of the transplanted temporal tissue. This process of respecification or regulation takes place in a relatively small time window, between E1.5 and E3, in contrast to the pattern regulation observed in Xenopus Fraser, 1986, 1989) . In compound eyes of Xenopus larvae, whose dorsoventral (dv) polarity was inverted, the authors observed in adult animals a normal dv polarity in both halves, showing that the inverted dv polarity was reversed in a pattern regulating mechanism. This reversal of dv polarity was not observed in the initial projections of the developing compound eye but was only detected after early larval development (O'Rourke and Fraser, 1986) . In a subsequent study the authors showed that the pattern regulation appears gradually during mid-larval development and that the process was restricted to peripheral retinal cells (O'Rourke and Fraser, 1989) . They suggested that this pattern regulation occurred by an epimorphic mechanism (Cooke and Gaze, 1983) where new retinal cells with new position values were added at the periphery of the retina (O'Rourke and Fraser, 1989) . A morphallactic mechanism (Hunt and Jacobson, 1973) , where grafted retinal cells change their original positional values as a response to inductive signals in the new environment, was not ruled out by O'Rourke and Fraser. The pattern regulation observed in the double-temporal chick eyes is also observed at the retinal periphery but extends to the central retina, covering in some experiments nearly 80% of the transplant derived retinal half. In our experiments transplants were performed at HH stages 10-11, when CBF1 and CBF2 are already expressed in the anterior and posterior part of the eye anlage, respectively (Yuasa et al., 1996) . The downregulation of CBF2 and the upregulation of CBF1 in the transplanted temporal retina piece argues for a morphallactic mechanism of pattern regulation. The graded expression of CBF1 in the transplant is very similar to the expression pattern in a normal nasal half retina and is not restricted to the retinal periphery, confirming independently the results of the in vitro stripe assay. We can not conclusively rule out that an epimorphic mechanism is responsible for the observed pattern regulation. A more detailed analysis of the expression of the two fork head genes is underway and will help to distinguish between these possibilities.
Experimental procedures
Transplantation experiments
Double-temporal eyes of chick and chick-quail chimeras were made as previously described (Dütting and Meyer, 1995) . Fertilized White Leghorn eggs and quail eggs were incubated for 36-40 h at 60% humidity and at a temperature of 38°C, with occasional turning. The anterior half of the right eye vesicle was removed and replaced by the most posterior part of the left chick eye vesicle or alternatively by the posterior part of a left quail eye vesicle. Usually the grafted posterior wall was smaller than a complete vesicle half to avoid the grafting of contaminating anterior tissue.
After microsurgery, windows were covered with a plastic lid and the eggs were returned to the incubator until they reached E6, E12-14 or E15-E18.
In vitro experiments
Striped carpets, consisting of alternating lanes of anterior and posterior tectal membranes from E9 chick embryos, were prepared as previously described (Walter et al., 1987) . Double-temporal chick or chick-quail retinae from 6-day-old chick embryos were isolated, fixed on a black nitrocellulose filter, stained with DiAsp (D291, Molecular Probes, Eugene, USA) and cut using an McIlwain tissue chopper (Walter et al., 1987) . Starting from ventral retina, every other retinal strip was explanted on membrane carpets and the explants were designated from −3 (extreme ventral), −1, 1 to 11 or 13 (extreme dorsal). Retinal explants were cultured on striped membrane carpets, in F12 culture medium (3 ml), supplemented with 0.4% methocel, for 48-72 h. Fixation of the cultures was done by replacing the culture Fig. 10 . In situ hybridization with CBF1 and CBF2 on cryostat sections of eyes from E6 chick embryos. In situ hybridizations with CBF1 (A) and CBF2 (B) anti-sense probes reveal gradients of expression in the nasal and temporal halves respectively, of normal eyes. In double-temporal eyes, CBF 1 expression is visible in a significant part of the grafted nasal half (D, arrow) and CBF2 expression is extended over the adjacent part of the graft (E). No overlap was detected in the expression of both factors in double-temporal eyes. CBF1 and CBF2 sense controls are shown in (C) and (F), respectively. Asterisk demarcates location of the optic fissure. medium by 4% paraformaldehyde, 0.33 M sucrose in phosphate buffered saline (PBS). Cultures were analyzed and photographed with a Zeiss Axiophot microscope.
Immunocytochemistry in retinal whole mounts
Chick-quail chimeric retinae, isolated on E6, E8 or E17 from the embryos, were flat-mounted on cellulosenitrate membrane filters (Sartorius SM 13006) and were fixed in 4% paraformaldehyde (in PBS) for 2-3 h. After several wash steps with PBS, the retina was permeabilized in PBS/0.5% Triton-X 100 (=PBST) for 2 h at room temperature. Blocking was done in PBST/10% fetal calf serum for 2 h at room temperature. Subsequently, the spread retina was washed in PBST (3 × 15 min) and incubated for 16 h at 4°C in QCPN culture supernatant (primary antibody staining). Excess antibody was removed in several wash steps (PBST) and a secondary antibody (Fluorescein DTAF rabbit anti mouse IgG, Dianova) was used to make antibody binding visible (incubation for 3 h at room temperature). After the final wash steps (3 × PBS), retinae were photographed with an Axiophot microscope.
QCPN culture supernatant was obtained from Developmental Studies Hybridoma Bank maintained by the Department of Pharmacology and Molecular Sciences, John Hopkins University School of Medicine, Baltimore, MD and the Department of Biological Sciences, University of Iowa, Iowa City under contract N01-HD-6-2915 from NICHD.
Anterograde mapping of double-temporal projections
Retinal ganglion cells of double-temporal eyes were anterogradely labeled to make their projection in the contralateral, left tectum visible. To this end, crystals of the waterinsoluble dye DiI (D3911, Molecular Probes) were inserted into the nasodorsal periphery of right double-temporal eyes either between E12-E14, in chick embryos growing in Petri dishes or between E15-E18 in embryos in ovo. Embryos were decapitated and eyes and tecta were removed and fixed in 4% paraformaldehyde. The isolated retinae and dorsal and ventral half tecta were spread on glass slides and were drawn with a Camera Lucida device and photographed with a Zeiss Axiophot fluorescence microscope (Dütting and Thanos, 1995) .
In situ hybridization
The whole mount in situ hybridization analysis was carried out as described by Wilkinson (1992) .
For CBF1 and CBF2, the partial clone from E14 chicken brain cDNA library screen covering the cBF1 gene from nucleotide 1041 at the nucleotide 1820 (Yuasa et al., 1995;  accession no. U47275) and the 220-bp cDNA fragment obtained by PCR using the primers 231f (5′-GCCGCCTCGCCATGA) and 451rev (5′-CGGCAGCAG-GGCGTCGTC) (Yuasa et al., 1996 ; accession no. U47276) were used, respectively.
Both cDNA fragments were cloned into pBluescript KS II (Stratagene), which allows in vitro transcription from either side of the polylinker region. Labeling of RNA probes with digoxigenin-II-UTP was performed according to the recommendations of the manufacturer (Boehringer Mannheim).The hybridization was done overnight at 70°C and 74°C for CBF1 and CBF2, respectively. Transcripts of the sense strand were used as controls. An anti-digoxigenin Fab fragment conjugated to alkaline phosphatase was used to detect bound probe and binding was made visible by a colorimetric reaction with BCIP/NBT.
